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ABSTRACT 26 
 27 
 The mechanism(s) of interactions of phenol with oxygenated functional groups (OH, COO 28 
and COOH) in nanopores of activated carbon (AC) is a contentious issue among researchers. 29 
This mechanism is of particular interest because a beter understanding of the role of such 30 
groups in nanopores would essentialy translate to advances in AC production and use, 31 
especialy in regard to the treatment of organic-based wastewaters. We therefore atempt to shed 32 
more light on the subject by employing density functional theory (DFT) calculations in which 33 
fulerene-like models integrating convex or concave structure, which simulate the eclectic 34 
porous structures on AC surface, are adopted. TEM analysis, EDS mapping and Boehm titration 35 
are also conducted on actual phenol-adsorbed AC. Our results suggest the widely-reported 36 
phenomenon of decreased phenol uptake on AC due to increased concentration of oxygenated 37 
functional groups is possibly atributed to the increased presence of the later on the convex side 38 
of the curved carbon sheets. Such a system efectively inhibits phenol from geting direct contact 39 
with the carbon sheet, thus constraining any available π-π interaction, while the efect of groups 40 
acting on the concave part of the curved sheet does not impart the same detriment. 41 
 42 
Keywords: Activated carbon; density functional theory; transmission electron microscopy; 43 
phenol adsorption; oxygenated functional groups 44 
 45 
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1. INTRODUCTION 47 
 48 
Activated carbon (AC) is an efective adsorbent for removal of a wide variety of polutants 49 
dissolved in aqueous media, or from gaseous environments, due to its exceptionaly high surface 50 
area, wel-developed internal micro- and mesoporous structure, as wel as the presence of a wide 51 
spectrum of surface functional groups1. It is an established fact that ACs are generaly geared 52 
towards removal of organic adsorbates2. One such prominent organic contaminant comes in the 53 
form of phenol-based compounds. These compounds are by-products from oil refinery 54 
wastewaters, coal gasification sites and petrochemical units and are toxic and carcinogenic even 55 
at very low concentrations3. It is important to note that the mechanism of phenol adsorption is of 56 
particular interest because a beter understanding of selective adsorption would essentialy 57 
translate to advances in AC preparation, design and selection. 58 
It is a widely established notion that the presence of oxygenated functional groups within 59 
the AC pores efectively reduces the adsorption of phenol at smal equilibrium concentrations4,5. 60 
There were essentialy two major postulates that elucidated this phenomenon whereby the first 61 
postulate described the reduction in the energy of π-π interactions between the carbon matrix and 62 
benzene ring of the phenol molecule, which was atributed to the changes in the electron density 63 
of carbon after the introduction of oxygenated functional groups6,7. The other competing 64 
postulate concerned a more physical aspect described by Coughlin and Ezra8 who suggested that 65 
these oxygenated functional groups enhanced the affinity of water to carbon, resulting in solvent 66 
molecules effectively blocking some of the micropores from phenol molecules. A concerted 67 
efort in resolving these fundamental issues wil therefore assist in enhancing selective 68 
adsorption, which ultimately improves actual AC industrial treatment capacities. 69 
There is a recent suggestion that microporous carbon may exhibit a fulerene-like structure9 70 
with the possible existence of a pentagonal arrangement of carbon rings in AC10. These are 71 
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fulerene-related building blocks consisting of graphene sheet fragments with localized 72 
curvatures caused by randomly arranged five- and/or seven-fold rings in the hexagonal network 73 
which are essentialy “topological defects” of graphene sheets11,12. These defects were first 74 
reported by Stone and Wales in 198613 and they are important in sp2-bonded carbon materials, 75 
playing a significant role in the formation, transformation, fracture and embritlement of carbon 76 
nanostructures14. Terzyk and co-researchers5 conducted molecular dynamics simulation studies 77 
and reported that an optimal microporous carbon for phenol adsorption should possess 78 
micropores with diameters around 0.6 nm. They subsequently continued this relevant 79 
investigation recently whereby they compared the behaviour of phenol in realistic pores with 80 
ideal slit-like pores15. Cam and co-researchers16 recently reported theoretical findings on 81 
adsorption of phenol on AC functionalized with several oxygenated functional groups (OH, 82 
CHO, or COOH). To further shed light on the possibilities of the abovementioned two 83 
postulates, we conduct density functional theory (DFT) calculations and simulations by using 84 
fulerene-like models incorporating curved carbon sheet structures, which colectively resemble 85 
the eclectic porous structures on ACs. Specificaly, we are focusing our atention on the 86 
likelihood of phenol molecule adsorption on either the AC carbon sheet surface or the 87 
oxygenated surface functional groups. To the best of our knowledge, such an investigation was 88 
not previously reported. We also atempt to simulate a particular adsorption condition that 89 
reflects the actual experimental amount of oxygenated functional groups in the AC as 90 
determined using the quintessential Boehm titration technique.  91 
 92 
 93 
 94 
 95 
 96 
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2. EXPERIMENTAL METHODS 97 
 98 
Granular AC (CarbSorb 40) was obtained from Chemviron Carbon Ltd. For the batch 99 
adsorption process, 2 g of the AC was placed in an Erlenmeyer flask and 50 mL of phenol 100 
solution (1000 ppm) was added and stirred using a magnet for 8 hours. The solution was 101 
subsequently filtered and the AC washed with deionized water and dried in an oven at 50 ºC for 102 
16 hours. To establish the amount of oxygenated functional groups present in the AC, Boehm 103 
titration was performed17. One gram of virgin AC was placed into a reaction vessel with 50 mL 104 
of 0.05 N solutions of HCl, NaOH, NaHCO3 and Na2CO3. Each reaction vessel was sealed and 105 
magneticaly stirred for 24 hours at 25C and then filtered. A total of 5 mL of each filtrate 106 
sample was titrated with either HCl (0.05 N) for the bases or NaOH (0.05 N) for the acid. The 107 
amount of functional groups was established based on the assumption that NaOH neutralises 108 
carboxylic, phenolic and lactonic groups, Na2CO3 neutralises carboxylic and lactonic groups, 109 
and NaHCO3 neutralises only carboxylic groups. The quantity of basic sites was calculated from 110 
the amount of HCl that was neutralised. 111 
The samples were prepared for microscopy analysis by gently crushing a smal piece of the 112 
dry sample between clean glass slides and then placing a continuous carbon-film covered copper 113 
TEM grid on top of the crushed material. An FEI Titan G2 80-200 TEM/STEM operating at 200 114 
kV and equipped with a Gatan Ultrascan US1000 CCD camera, Gatan Enfinium ER electron 115 
spectrometer, and Super-X energy dispersive X-ray spectroscopy (EDS) system was used for al 116 
imaging as wel as elemental analysis, respectively. Nitrogen physisorption measurements were 117 
carried out at 77 K using a Quantachrome Quadrasorb SI instrument and the data analysis was 118 
performed using the Quantachrome QuadraWin software (Version 5.05). Prior to measurement, 119 
the activated carbon sample was degassed under dynamic vacuum at 423 K for 20 h. 120 
 121 
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3. COMPUTATIONAL METHOD 122 
 123 
In order to discover the adsorption trend and seek a possible strategy to enhance the 124 
adsorption process, we conducted density functional theory (DFT) calculations to examine the 125 
molecular interactions between phenol and the AC surface. The model of the phenol molecule 126 
(C6H5OH) is shown in Figure 1. To model the surface of AC, we adopted fulerene-like models 127 
incorporating concave surface structure (“the pore on AC”), as we have shown in our previous 128 
study18 that molecular adsorption is more efective on the concave surface of fulerene. 129 
Ilustration of the surface of AC with various oxygenated functional groups (OH, COO and 130 
COOH) at various positions (edge and basal plane) is shown in Figure 1.  131 
Geometry optimizations were performed using the wB97XD density functional19 132 
implemented in the Gaussian 09 suite of programs20. The selected functional included empirical 133 
dispersion terms, which account for the non-local interactions such as van der Waal’s (vdW) 134 
interactions between the adsorbate and surface. By including vdW terms in DFT calculations, 135 
the calculated inter-distance between adsorbate and surface would be improved compared to 136 
experimental data, and thus a beter model could be achieved. For the calculated energy, the 137 
trend predicated by DFT remains reliable and gives a qualitative comparison to experiments. The 138 
6-31G(d,p) basis sets were chosen (see Electronic Supplementary Information) and used for H, 139 
C and O atoms21. The program’s default values were used for self-consistency-field (SCF), 140 
energy and forces convergent thresholds. Zero-point energy corrections obtained from 141 
vibrational frequency calculations are included in the adsorption energy calculations. For 142 
simulation of the solvent efect of water, the polarization continuum model (PCM)22 was used. 143 
Basis set superposition error (BSSE) is calculated based on the structures optimized in solvent. 144 
 145 
 146 
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4. RESULTS AND DISCUSSION 147 
 148 
To mimic the actual adsorption condition by determining the amount of oxygenated 149 
functional groups present in a commercial (virgin) AC, Boehm titration was conducted in 150 
addition to phenol adsorption. These experimental results were used as a case study (basis) for 151 
subsequent DFT studies. It was discovered that the amounts of carboxylic and phenolic groups 152 
on AC were 0.01 and 0.02 mmol/g, respectively, with approximately 25 mg of phenol adsorbed 153 
per gram of AC. Figure 2a shows the High Angle Annular Dark Field (HAADF) and EDS 154 
oxygen mapping images of virgin AC and phenol-adsorbed AC as wel as the nitrogen 155 
physisorption isotherm and pore size distribution of the virgin AC. The HAADF images indicate 156 
marginal contrast in the virgin and phenol-adsorbed AC due to very litle mass/density variation. 157 
This is because HAADF images are sensitive to the mass of the specimen, with the intensity 158 
approximately proportional to the squared atomic number (Z2) of the scatering element23. The 159 
surface textural characteristics of the virgin AC were characterized by nitrogen physisorption 160 
experiments (Figure 1). As shown in Figure 2b, the isotherm exhibits a rapid nitrogen uptake at 161 
low relative pressure (p/p0 < 0.1) and the typical type I adsorption behavior, which is 162 
characteristic for microporous materials24. The isotherm also displays a gradual nitrogen 163 
adsorption at relatively high pressure (p/p0 > 0.4) and a slight hysteresis loop, indicating the 164 
presence of some mesopores in the virgin AC. The specific surface area derived by the 165 
Brunauer–Emmet–Teler (BET) method and the total pore volume were calculated to be 890 m2 166 
g–1 and 0.425 cm3 g–1, respectively. As shown in Figure 2b, the pore size distribution displays 167 
two narrow micropore sizes at 0.70 and 1.45 nm, while a third dimmed peak appears about 3.2 168 
nm. The microporosity of the AC contributes to the specific surface area of 749 m2 g–1 (84% of 169 
the total surface area) and of 0.330 cm3 g–1 to the micropore volume (78% of the total pore 170 
volume). 171 
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For the DFT study, the optimized adsorption positions of phenol adsorbed on AC surfaces 172 
with OH, COO or COOH (each surface contains 2 groups on either the convex plane or edge) 173 
are shown in Figures 3 and 4. Figure 3 shows the optimized adsorption positions of phenol as 174 
interacted with both the carbon sheet and functional groups as a whole integrated system 175 
whereby Figure 4 shows the optimized adsorption positions of phenol that directly interacts with 176 
the functional groups. For comparison, phenol adsorption on virgin (pristine) AC is also 177 
simulated. The adsorption energy (Ead) is calculated using the formula: 178 
Ead = E(Phenol on AC) – (EPhenol+EAC)       (1) 179 
where E(Phenol on AC), EPhenol and EAC are the total energies of the optimized phenol on AC, the 180 
optimized phenol molecule and the optimized isolated AC, respectively. The calculated 181 
adsorption energy values are of ΔH at zero Kelvin because the total electronic energy ΔE is 182 
corected by zero-point energy. More negative adsorption energy indicates more favourable 183 
adsorption and stronger interactions. 184 
We also evaluate the efects of basis set superposition error (BSSE) on the adsorption 185 
energies. Since BSSE cannot be calculated within solvent environment as the functionality is not 186 
supported by the software, we obtain BSSE from gas phase calculation using the structures 187 
optimized in solvent, and then use it as approximate corrections to the results simulated with 188 
solvent. The calculated phenol adsorption energies on various AC concave surfaces in water 189 
environment with and without BSSE corections are summarized in Table 1. The BSSE 190 
corected energies are less negative and the trend is generaly consistent to the results without 191 
the corections. As the BSSE is just an approximate corection (as it is obtained from gas phase 192 
calculation) in the present study, our discussion below wil be based on the results without the 193 
BSSE corections.  194 
 195 
 196 
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When phenol is adsorbed on the surface of AC, the main interaction between them is the π-π 197 
stacking interaction, because the plane of phenol lies in paralel with the AC sheet. In general, 198 
the adsorption of phenol is thermodynamicaly favourable as indicated by the negative 199 
adsorption energy. A previous study has shown that positive adsorption energy wil be obtained 200 
if vdW corrections are not included in DFT calculations16. 201 
We first look at virgin AC in Condition “1”. The adsorption energy is about -25 kcal/mol, 202 
which is manifested purely by a π-π stacking interaction.  When compared to Conditions “8”, 203 
”9” and “10”, the adsorption energies of phenol directly on the functional groups are determined 204 
to be relatively less favourable. In the case of COOH, the main interaction is hydrogen bonding 205 
as the hydroxyl hydrogen atom in phenol interacts directly with the carbonyl oxygen atom. 206 
Whereas in the case of OH, the ring part of phenol interacts directly with the hydrogen atom of 207 
the OH group which carries δ+ charge. Condition “10” in Figure 4 refers to the case of mixed 208 
functional groups with a ratio of COOH:OH=1:2 which is equivalent to the concentration ratio 209 
obtained via our conducted Boehm titration. In Conditions “8”, ”9” and “10”, there is virtualy 210 
no efective π-π interaction between phenol and the carbon sheet, and the overal phenol-AC 211 
interactions are weakened. In regard to direct phenol interaction with OH, the adsorption energy 212 
is reduced by as much as 58% as compared to that on virgin AC (Table 1). Nevertheless, the 213 
adsorption of phenol on these functional groups remains thermodynamicaly favourable as the 214 
adsorption energy remains negative. Hydrogen bonding should also take place between water 215 
molecule and the functional groups, and the hydrogen bond strength should be similar to that of 216 
phenol. In such a scenario, when a water molecule forms hydrogen bonding with the functional 217 
groups, phenol could form hydrogen bonding with the atached water molecule - it wil keep the 218 
phenol further away from AC and further weaken the π-π interactions. Consequently, the phenol 219 
uptake wil be further decreased. Overal, the calculated results suggest that phenol uptake on 220 
AC decreases with increasing concentration of the functional groups on the carbon sheets, which 221 
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is in agreement with the conventional notion and consistent with previous experimental 222 
investigations5. 223 
A special case is observed: by taking the virgin AC as the reference, the AC surfaces with 224 
oxygenated functional groups exhibit marginaly stronger adsorption to phenol (on the opposite 225 
side of AC to the functional groups) for Conditions “2” to “6” (2 groups per AC) regardless of 226 
the position of the groups, i.e. on basal plane or at the edge. The functional group contains 227 
highly electronegative oxygen atoms, which can induce a net dipole on the groups, and the part 228 
of the groups carrying δ+ charge atracts the electron cloud of the ring part of phenol. Although 229 
the enhancement is just < 0.45 kcal/mol (< 2 %), by increasing the concentration of the 230 
functional groups on AC, the enhanced adsorptive strength wil become much more significant. 231 
We take the AC-COOH surface as an example. We doubled the numbers of functional groups to 232 
4 on the surface (4 COOH groups per AC surface, Condition “7”). We find that the adsorption 233 
energy of phenol on this surface increases by 34 % as compared to the case of just 2 % 234 
increment with 2 COOH per AC (Table 1). We show here there is the possibility of theoretical 235 
enhancement of phenol adsorption on AC with the slight increase in the amount of the functional 236 
groups. 237 
Our result essentialy implies that the phenomenon of decreased phenol uptake on AC due to 238 
increased concentration of oxygenated functional groups is perhaps atributed to a direct 239 
“shielding” efect rendered by the groups (Conditions “8”, “9” and “10”). Explicitly, the 240 
functional groups shield (or prevent) the phenol from geting direct contact with the carbon 241 
sheet, thus constraining any available π-π interaction. At this point, it is important to note that 242 
water molecules compete directly with phenol molecules to infiltrate the micropores. Indeed, 243 
such a “shielding” effect would be similar to the micropore blocking effect suggested by 244 
Coughlin and Ezra8. Al in al, our observation does appear to support the postulate by Coughlin 245 
and Ezra8 though in any case, oxygenated groups wil definitely distort the electron density on 246 
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the AC carbon sheet. Our theoretical results also suggest that phenol adsorption might be 247 
favourable if phenol could gain access to the ‘opposite’ (concave) side of the heavily groups-248 
populated convex side as ilustrated by Condition “7”. 249 
 250 
5. CONCLUSIONS 251 
 252 
 By employing a combination of electron microscopy and DFT simulations, we have provided 253 
previously unreported insights into the optimized adsorption positions of phenol as interacted 254 
with both the carbon sheet/functional groups as a whole integrated system and those which 255 
directly interact with the functional groups. Our adsorption energy and modeling analyses 256 
reveal an interesting observation; the phenomenon of reduced phenol uptake on AC due to 257 
increased concentration of oxygenated functional groups is possibly atributed to a direct 258 
“shielding” efect rendered by the groups (in our case, COOH and OH). As such, our findings 259 
suggest the notion that COOH and OH prohibit phenol from geting direct contact with the 260 
carbon sheet, thus limiting any available π-π interaction. Alternatively, it should be noted that if 261 
the oxygenated functional groups were positioned in such a way which did not block the passage 262 
of phenol infiltration and direct contact (π-π) with the curved surface could be prominently 263 
initiated, the presence of the groups would not be detrimental to the phenol-AC adsorption 264 
process. In conclusion, our findings could potentialy facilitate the design and production of 265 
bespoke AC aimed at optimizing removal of phenolic-based contaminants.  266 
 267 
6. SUPPORTING INFORMATION 268 
 269 
Ilustration of optimized phenol adsorption process for Condition “10” in animated movie format 270 
and comparison of the efects of basis sets: 6-31G(d,p) and 6-311G** (Table S1). 271 
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Table 1. Calculated adsorption energies of phenol on curved carbon sheet with different surface 323 
functional group(s). Solvent efect is simulated using water. Numbers in parentheses show BSSE 324 
corected adsorption energies. Note that the BSSE is obtained from gas phase calculation of 325 
phenol adsorbed systems. 326 
 Phenol Adsorption Site Adsorption Energy in Water 
(kcal/mol) 
% Change of 
Adsorption Energy 
with respect to Virgin 
Carbon Sheet 
1 Virgin carbon sheet -25.48 (-21.05) 0 (0) 
2 Carbon sheet with 2×COOH on plane -25.93 (-21.32) +1.79 (+1.30) 
3 Carbon sheet with 2×OH on plane -25.72 (-21.07) +0.94 (+0.11) 
4 Carbon sheet with 2×COOH on edge -25.58 (-21.18) +0.40 (+0.62) 
5 Carbon sheet with 2×OH on edge -25.53 (-21.12) +0.22 (+0.33) 
6 Carbon sheet with 2×COO on edge -25.87 (-21.46) +1.55 (+1.97) 
7  Carbon sheet with 4×COOH on plane -34.29 (-28.67) +34.58 (+36.21) 
8 COOH on carbon sheet -17.93 (-13.47) -29.61 (-36.02) 
9 OH on carbon sheet -10.59 (-8.20) -58.44 (-61.02) 
10 COOH/OH on carbon sheet -22.56 (-17.07) -11.46 (-18.88) 
 327 
 328 
329 
Page 14 of 18
Ph
ysi
cal
Ch
em
ist
ry
Ch
em
ic
al
Ph
ysi
cs
Ac
ce
pte
dM
an
us
cri
pt
Physical Chemistry Chemical Physics
Pub
lis
hed
 on
 05
 Ja
nua
ry 
201
6. 
Do
wnl
oad
ed 
by 
UN
IV
ER
SIT
Y O
F T
EE
SSI
DE 
on 
08/
01/
201
6 1
0:0
6:4
7. 
View Article Online
DOI: 10.1039/C5CP06089C
 15 
 330 
 331 
 332 
 333 
 334 
 335 
 336 
 337 
 338 
 339 
 340 
Figure 1. Structures of curved AC sheet model with a pentagonal carbon atom arrangement in 341 
the middle, phenol molecule and the functional groups: carboxylic (COOH), lactone (COO) and 342 
phenol (OH). The black carbon atoms on the AC sheet indicate the positions where the 343 
functional groups are bonded.  344 
345 
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(a) 346 
 347 
(b) 348 
 349 
Figure 2. (a) HAADF and EDS oxygen mapping images of virgin AC and phenol-adsorbed AC 350 
(P-AC); (b-i) Nitrogen physisorption isotherm of the activated carbon and (b-i) pore size 351 
distribution obtained by employing the QSDFT equilibrium model. 352 
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   353 
Figure 3. Optimized adsorption positions (top and side views) of phenol as interacted with both 354 
the carbon sheet and functional groups (COOH, COO and OH) as a whole integrated system. 355 
Phenol molecules are highlighted with yelow colour. ‘Plane’ and ‘Edge’ indicate the positions 356 
the functional groups (on basal plane and at the edge). 357 
 358 
 359 
 360 
 361 
 362 
 363 
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Figure 4. Optimized adsorption positions (top and side views) of phenol interacting directly with 364 
the functional groups (COOH and OH) on curved carbon sheet.  365 
 366 
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